Precision greenhouse agriculture requires several measuring points in order to have a better overview of the whole cultivation area. Climate variability within the covered area of a greenhouse can result in a non-uniform plant development and reduced productivity. Therefore, a distributed system, capable of taking multi-point measurements would be able to catch the climatic gradients in order to provide growers with a more detailed depiction of the climate at any time and early warnings of potential threats. Furthermore, the distributed monitoring can offer the appropriate inputs to more sophisticated distributed or plant-based climate control algorithms. The significant price drop in embedded computer and wireless communication chips, as well as the overall maturity of the available, low-power platforms have made the deployment of Wireless Sensor Networks increasingly attractive in modern agricultural facilities. This paper presents a Wireless Sensor Network (WSN) deployed for long periods in commercial facilities, equipped with shading screens and cooling pads placed in different directions, namely vertically to the plantation and parallel to it. The evolution of the various climate parameters in both greenhouses and the effect of the climate on the plants and the wireless communications are analyzed and presented.
INTRODUCTION
The increasing demand in food quantity, as well as the high-quality standards set by the governments around the world, are two of the main factors which impose the intensification and the industrialization of the agricultural production. Due to these factors, traditional greenhouses tend to evolve into sophisticated, highly-automated plant production facilities, equipped with state-of-the-art monitoring and control equipment. The climate variability inside the greenhouse is a well-known issue, which is considered to have an important impact on plant development and productivity [1] [2] [3] . The ability to sense climate factors in several spots gives the grower a more objective overview of the situation, while it makes climate control systems more efficient [4] . Traditional greenhouse installations are based on wired, industrial-grade measuring devices. Wiring costs along with the installation complexity and the price of these instruments made multi-point measurement quite rare. Therefore in most greenhouse facilities climate factors are measured in the center of the covered area. On the other hand, Wireless Sensor Networks (WSNs), which are fully mobile and easy to deploy, have proven their robustness and reliability, attracting many researchers, making agricultural WSNs one of the most successful application scenarios for the WSNs. Several deployments based on WSN have been proposed over the last years. Wang and Cao implemented a WSN in a greenhouse, based on Zigbee mesh network, measuring air temperature, air and soil humidity, light intensity and CO 2 . All the measurements were sent to a gateway, where a desktop computer received, stored and presented the data in the form of graphical charts [5] . Wang and Liu presented an environmental monitoring system based on a WSN and a Web-based infrastructure which stored and presented the data through a web server [6] . Wireless communication was succeeded with ZigBee modules and the nodes were equipped with air temperature and humidity, light intensity and CO 2 sensors. System uptime was satisfactory since it reached a normal operation rate of 92% for a 141-day testing period. Park and Park designed and implemented a system which not only monitored the climate in a smallscale model greenhouse but also monitored the state of the plants by measuring the leaf temperature. The system performance was satisfactory since it successfully maintained the optimal growth of the crops through the control of dew condensation [4] . Wireless communication was succeeded through a CC2420 wireless chip. Ferentinos et al. presented a WSN based on TelosB nodes, equipped with the CC2420 wireless chip [7] . The system aimed to achieve climate monitoring by measuring air temperature and humidity and plant status by measuring leaf temperature remotely, in a non-intrusive way, through an infrared thermocouple. Sensor performance and precision was extensively evaluated in research facilities before moving for a long testing period to the realistic conditions of a commercial greenhouse. From the above-mentioned literature, it is clear that a vast number of published works focuses only on the proof-ofconcept of the deployment of WSNs in agricultural facilities, without evaluating their actual performance under long-term, realistic conditions. Moreover, there is a number of works which only gather the data for later processing, or restrict the scope of the deployment to the current situation at hand, without considering the scalability or interoperability of the system. In addition, most of the works which provide some kind of charting of the sensed data, choose to represent them in the form of per-measuring-station, simple trend line charts. To the best of our knowledge, there are no available works which integrate a real-time 2D mapping tool of the surface area of the greenhouse, presenting the climate variability and the potential plant status. This paper presents a well-evaluated WSN system, capable for precise climate and plant factors monitoring, installed for long periods in two similar commercial greenhouses, recording and analyzing climate gradients related to the structural characteristics of the facilities at hand, and their potential effect on the plants. Crop-status monitoring is achieved through infrared, remote sensing, temperature modules. Furthermore, an analysis of the effects of the climate on the communication quality is presented.
MATERIAL AND METHOD

System Architecture
The system consists of low-power, wireless nodes based on the TelosB [8] open platform. The Z1 wireless nodes are manufactured by Zolertia, Spain [9] , and are IEEE 802.15.4 compliant, based on CC2420 RF chip (Texas Instruments, USA) [10] . Z1 are fully compatible with the applications and libraries developed for TinyOS in NesC code. Z1 were also selected for their enhanced features, compared to the original TelosB/Tmote hardware. The Z1 improvements, compared to TelosB/Tmote are summarized in the table below. The fact that the sensitive electronics of the wireless nodes have to be deployed in the harsh environment of a greenhouse for a long period made the use of ruggedized boxes mandatory. At the same time, the enclosure would hamper the sensing capabilities of the onboard sensors found on the TelosB/Tmote platform, therefore there was no alternative to the use of external sensor modules. Zolertia Z1 nodes, with a significantly larger number of available connection pins and a newer generation of MSP430 microcontroller, was the winner candidate platform.
A fully-compatible external sensor was used for the climate monitoring. Sensirion's SHT11 (Sensirion, Switzerland), precision air temperature and relative humidity is a very popular sensor used in numerous WSN deployments. Furthermore, it is the very same sensor which is embedded on the original TelosB/Tmote nodes. The second sensor is a Zytemp TN9 (Zytemp, Taiwan) infrared thermocouple, which was used for the plant-based measurements. It is capable of taking remote measurements of a surface infrared reflectance and, internally, convert it in temperature. TN9 module is capable of measuring air temperature as well, but this feature was not used in this case. Moreover, TN9 is a lowcost device which has been successfully evaluated in agricultural implementations, specifically in canopy temperature monitoring, and has performed very well compared to a much more expensive, industrial-grade, module [11] . For the interconnection of TN9, a driver was created to make it compatible with the NesC code. All the sensors used in this setup were digital and sent their measurements in the form of bytes to the general Input/Output (I/O) pins of the nodes. The table below summarizes the sensors used in the deployment along with their specifications.
(a) (b)
Picture 1 (a -b). The Sensirion SHT11 sensor (1a) and the Zytemp TN9 infrared thermometer (1b).
The measurements were taken by the application every 30 seconds and an average was sent to the sink node at the end of every 4 th measurement (i.e. every two minutes). The sink node was a CM5000, TelosB/Tmote node, developed by Advanticsys (Advanticsys, Spain) [12] . CM5000 is a modified version of TelosB/Tmote design, with an external 5dBi antenna, which makes it a powerful platform for applications, in which an extended range is required. The sink node was set in reception mode, and communicated with a Raspberry Pi2 Model B [13] embedded computer through its USB port sending the received messages in a specific format. The embedded computer run a Python script which converted the received messages in MySQL queries and stored the data in the database. A web server ran on the Raspberry Pi, based on Debian Linux operating system. A web application based on PHP, MySQL, Javascript and Google Charts library offered the end-user all the appropriate tools to create and manage his account, log in to the system, retrieve and manage data, watch the trends of the monitored phenomena and download data in CSV file format. The web application was accessible remotely through any web browser, and its responsive design made it compatible with mobile devices as well. Table 2 . The external sensors used on the WSN nodes.
Two versions of the application which run on the nodes were built; a best-effort multi-hop and single-hop version. The second version was chosen in the end because of its significantly lower needs in power since it allowed longer deep-sleep periods to the nodes, which woke up only to send their measurements directly to the sink. The security of the WSN communication was not taken into account in the current version of the application. However, CC2420 RF chip supports three types of in-line security modes with a 128-bit AES encryption out of the box. Therefore, security features could easily be enabled in a future version of the current application.
A long evaluation period to improve system's functional quality in all terms preceded the final deployment of our system in commercial greenhouses. During our evaluation period which is presented in detail in [7] and [14] the precision of the sensor measurements, the power consumption of the application which runs on the nodes, the communication protocol and quality and the effect of the extreme climate conditions on the WSN overall performance were analyzed and inspected.
GREENHOUSE DEPLOYMENT
For this use case scenario two similar, modern, commercial greenhouse facilities were chosen. Spring, summer, and autumn measurements were taken, with the greenhouses empty (before the plantation) and with adult plants in the production phase. Both of the facilities are located in Central Greece and are equipped with roof window openings, climate screens, cooling pad systems, and roof fans. Furthermore, both facilities are covered with polycarbonate panels at their walls and polyethylene film at the roof. The structural difference between the two greenhouses is that the cooling pad and fans are placed in different directions. More specifically, in greenhouse "A" the cooling pad and fans are placed on the left and right side of the greenhouse, and the cooled air travels for 50 meters vertically to the plantation lines. In the greenhouse "B" the cooling system is installed on the bottom and top sides and travels for almost 60 meters parallel to the plantation lines. The graphical representation of the nodes positions in the greenhouses, as well as the position of the cooling systems, can be seen in the pictures below (Picture 3 and 4).
Picture 3. The direction of the plantation and the airflow, and the positions of the wireless nodes in Greenhouse "A". The numbered circles indicate nodes' positions.
The main, industrial-grate sensing systems of both 
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facilities were used as a reference during the initial analysis of air temperature and relative humidity, and the SP Lite2 solar pyranometer (Kipp & Zonen, The Netherlands) [15] measurements were used for the analysis of the evolution of the phenomena and to specify the times when the screens were open over the culture to mitigate the solar radiation during the daytime. The great drop in solar radiation was related to the event of shading screens opening. This way discrete time intervals were created and the effect on climate variability and wireless communications of the microclimate created with open and closed shading screens was observed.
RESULTS AND DISCUSSION
The system run flawlessly for more than four months in each greenhouse, and, for a complete cultivation period, from plantation until the removal of the culture. All the data were downloaded from the web server and analyzed on an HP xw6600 workstation computer, based on two Quad-Core Intel Xeon® E5420 processors @ 2.5GHz and 16GB of DDR2 RAM ECC @ 667MHz.
Greenhouse Climate Variability Assessment
Greenhouse "A" Case Study
Greenhouse "A" has the cooling system installed on its side-walls, parallel to the plantation lines. In the case of summer days without shading screens the average temperature is lower close to the cooling pad and raises after the last 1/3 of its running length (Figure 1a ). This probably due to is slightly rotated towards the east. Average relative humidity is higher closer to the wet pad side, as expected (Figure 1b) . o C without it. Shading screen seems to have positive impact on the temperature control since it drops the average temperature up to 1.5 o C, in the middle of the northern side (Figure 1a & 1b) . Relative humidity is kept almost stable across the greenhouse area, even under the use of shading screen. The highest difference in RH with and without shading screen is observed near to the cooling pad and is almost 2%. Although the system successfully captures the climate variability in this greenhouse, it seems that the gradients themselves remain even after the use of the shading screen. However, the temperature falls with the humidity remaining almost stable, resulting, overall, in more favorable conditions as it is observed in Graph 1a and 1b.
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Greenhouse "B" Case Study
As it is presented in the figures below (Figure 3b ), average humidity in greenhouse "B" is higher on the west side, where the cooling pad is installed, with the highest measurements being observed in the far left corner. As it was expected, it is the very same parts, where the lowest temperatures appear.
(a) (b) 
Crop Status Monitoring
Leaf temperature was also monitored throughout the measurements and the data of leaf temperature in both of the greenhouses, during summer days, with and without the use of shading screen is presented in graphs 1a and 2a.
In greenhouse "A", the average leaf temperature is higher when the shading screen is not used. The highest differences between the measured leaf temperatures, with and without the use of shading screen are observed in the middle of the western side and the northern side of the structure (up to 0. (4) Stomatal conductance was calculated for all measuring spots and appears to be significantly higher in the absence of shading screen as it is shown in Graph 3.
Climate Effects on Wireless Communication
In Greenhouse "B", leaf temperature appears to be significantly higher when the shading screen is not used. The highest average leaf temperatures appear in the eastern side, close to the fans. The temperatures on this part, in the absence of shading reach 28.8 o C, which is higher than the average air temperature at the same spot. The shading screen seems to have a very positive impact on this greenhouse, since it succeeds to drop the average leaf temperature below the air temperature in all measuring spots, with the highest leaf temperature to be 24.7 o C at the northern side, in the middle of the structure. Moreover, the difference between the maximum and minimum average leaf temperatures dropping from 4.6 o C without shading screen to slightly over 1 o C, when the shading screen is used. This shows that the shading screen achieves a more uniform climate with a positive effect on the plants themselves. Stomatal conductance was calculated for all measuring spots and appears to be significantly higher in the absence of shading screen as it is shown in Graph 4, similarly to the case of greenhouse "A". The basic difference is that when shading is used stomatal conductance in greenhouse "B" presents much smaller fluctuations from point to point of measurement, contrary to greenhouse "A" which presents larger variability, especially in its western side, where Node 1 measuring station is located.
CONCLUSIONS
This paper presented a wireless sensor network for realtime monitoring and 2D assessment of the microclimate and plant responses in greenhouse facilities. The system was successfully tested for long periods in two commercial facilities and appears to be quite robust and accurate in depicting climatic gradients and plant condition. End-users found the real-time, 2D representation feature to be very handful. The online service was added to the web application, supported backward navigation in the past, drawing the graphs on-the-fly, according to the stored values. This way of climatic values representation provided the users with a very intuitive way to understand the ongoing processes and do some reasoning connecting cultivation-related signs to the climate gradients.
Picture 5. The temperature distribution as it is presented to the end-users through the web application.
The cases of two greenhouses with fan-pad cooling systems installed in different directions were monitored and the observations about the microclimate were discussed and presented. An attempt to connect these observations with the placement of the cooling equipment, as well as the effect that the shading screen had on it were also discussed. Since the system performance is satisfactory, the next step is to integrate these microclimatic and plant-based measurements in model- based distributed climate control algorithms for optimal, plant-based climate control focusing on climate uniformity.
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